Background {#Sec1}
==========

Atopic dermatitis (AD) is one of the most common disorders of skin that affects approximately 20% of children and 3% adults worldwide \[[@CR1]\]. The pathophysiology of AD includes breakdown of the skin barrier, which in turn, initiates immunological response and inflammation \[[@CR1]\]. The current treatment for AD involves topical application of corticosteroids or calcineurin inhibitors \[[@CR2]\]. Betamethasone valerate (BM) and Pimecrolimus (PC) are two of the most commonly used drugs for the treatment of atopic dermatitis.

BM, a corticosteroid, is known to suppress the inflammation, but fails to adequately restore the damaged skin barrier which subsequently leads to secondary skin infections. BM binds to its corticosteroid receptor in skin and perturbs various biomolecules in keratinocytes involved in processes like inflammation, keratinocyte differentiation, proliferation and cellular adhesion \[[@CR3]\]. On the other hand, PC, a topical calcineurin inhibitor (TCI), causes mild suppression of inflammation, but is more efficient in restoring the skin barrier. PC is known to mediate its action through NFAT signaling pathways \[[@CR2]\].

US FDA issues TCI drugs with a boxed warning owing to a potential risk of malignancy, in spite of various studies disproving any such association \[[@CR4]\]. This favors the use of topical corticosteroids as an alternate treatment for AD, even though it suffers from impaired skin barrier and risk of secondary skin infections as side effects. This raises the need to have a complete mechanistic insight into the action of these drugs, which can then be used to understand the factors responsible for side effects and develop better treatment for AD.

A central piece for gaining mechanistic insight into drug action is to understand the biomolecular interactions and pathways that are impacted by the drug, which in turn, determine the therapeutic efficiency and adverse effects. In this study, we have used eSkIN, a novel systems biology based computational platform specially designed to aid skin omics research. eSkIN contains a comprehensive model of skin with 35 manually-curated skin-specific pathways and 2600+ genes. This allows skin-centric analysis and interpretation of omics data, which to the best of our knowledge, is not available in other commonly used software applications (e.g. *DAVID* \[[@CR5], [@CR6]\] and GSEA \[[@CR7]\]).

We present the detailed mechanistic analysis of BM and PC highlighting the biomolecular interactions and pathways involved in their mechanism of action and adverse effects. Publicly available transcriptomic data from patients treated with BM and PC \[[@CR2]\] were used for this study and the data were analyzed using eSkIN platform. We report that distinct pathways are affected by these drugs to bring about their therapeutic effect, and we also further elucidate the importance of these pathways in the context of skin physiology.

Methods {#Sec2}
=======

Transcriptomic data {#Sec3}
-------------------

Transcriptomic data from lesional AD skin samples of 10 patients, before and after topical treatment of BM and PC twice daily for three weeks, were used in this study \[[@CR2]\]. The data was downloaded from NCBI GEO (Gene Expression Omnibus) database using following accession number: [GSE32473](http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32473).

Normalization and quality check {#Sec4}
-------------------------------

The datasets of BM and PC were analyzed separately. All the samples were normalized as per Jensen et al., \[[@CR2]\]. Briefly, each sample was normalized with 50^th^ percentile (median) of that sample. To ensure quality of the input data, only probe sets with present or marginal calls in at least 70% of samples per analysis group were considered. Median expression values of probes were assigned to gene.

Data analysis {#Sec5}
-------------

eSkIN ([www.persistent.com/eskin](http://www.persistent.com/eskin)) was used to perform skin-centric analysis of the transcriptomic data owing to the availability of 35 manually-curated skin-specific pathways (Additional file [1](#MOESM1){ref-type="media"}: Table S1) and 2600+ genes in this platform. The 35 pathways represent following functional categories of skin physiology: Basic skin physiology, Epidermal formation, Pigmentation and Stress response. The eSkIN pathways include molecular interactions that detail the roles played by various biomolecules (e.g. genes, proteins and small molecules) in a particular pathway.

We computed the Log~2~ fold change of the genes with respect to baseline (before topical treatment) samples of respective drug. Two fold change was used as a threshold to identify differentially expressed genes i.e. up-regulated genes ≥ + 1 Log~2~ fold change and down-regulated genes ≤ − 1 Log~2~ fold change. Sensitivity analysis of fold change cutoff was performed by increasing and decreasing one fold change of the default value to understand its effect on our analysis (see Additional files [2](#MOESM2){ref-type="media"}, [3](#MOESM3){ref-type="media"} and [4](#MOESM4){ref-type="media"}). As observed, the key pathways contributing towards the drug action are captured by all the three fold change cutoffs. Hence, for further analysis we used the default cutoff (Log~2~ fold change = 1).

### Pathway enrichment analysis using eSkIN {#Sec6}

Pathway enrichment analysis is based on the assumption that behavior of the genes involved in the same biological pathways is correlated. Using statistical methods, it helps to identify the most perturbed pathways based on an input set of genes \[[@CR8]\]. Such analysis is widely used to gain insight into functional roles of differentially expressed genes \[[@CR9], [@CR10]\]. Statistical methods like Fisher's test, hypergeometric, binomial, bayesian and chi-squared are widely used in pathway enrichment analysis \[[@CR6]\].

We used the skin-centric knowledge-base of eSkIN as the backend database for performing pathway enrichment analysis. This facilitates the identification of skin-specific pathways that are perturbed due to the treatment and thus, helps in understanding the skin-centric effects of the treatment. eSkIN uses Fisher's exact test for computing the significance of the enrichment of pathways. Fisher's exact test with following parameters is used for computing *p*-value.$$\documentclass[12pt]{minimal}
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In Eq. ([1](#Equ1){ref-type=""}), a = number of unique differentially expressed genes (DEGs) in a pathway in eSkIN knowledge-base, b = number of unique DEGs in eSkIN knowledge-base excluding DEGs in that pathway, c = number of unique non-DEGs in that pathway, d = number of unique genes in eSkIN knowledge-base that are non-DEG and not part of that pathway, n = a + b + c + d, and $\documentclass[12pt]{minimal}
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                \begin{document}$$ \left(\genfrac{}{}{0pt}{}{\mathrm{n}}{\mathrm{k}}\right) $$\end{document}$ represents binomial coefficient. The *p*-value from Fisher's exact test is a measure of the chance of random association between differentially expressed genes and a pathway. Smaller the p-value, lower is the random chance, and thus, higher is the likelihood that a pathway is significantly enriched.

Furthermore, eSkIN eliminates the need to average out sample level information as it allows analysis of multiple samples simultaneously. The enriched pathways (i.e. eSkIN *p*-value \< 0.05) in BM and PC treated samples were further analyzed by overlaying the transcriptomic data on these pathways using Gene Expression Overlay feature of eSkIN. This feature of eSkIN allows pathway enrichment analysis and visualization of transcriptomic data in the context of skin related pathways. The genes are colored based on their expression levels, and thus, helps in exploration of the enriched pathways in the context of their molecular interactions. This provides insight into the various signaling events triggered by the drugs that are discussed in the Results and Discussion sections.

### Comparative pathway enrichment analysis using DAVID {#Sec7}

For comparing our results with DAVID (<https://david.ncifcrf.gov/>) \[[@CR5]\], we assigned median expression values of the biological replicates (samples) to the genes. Our default cutoff i.e. fold change of 2 (Log2 fold change = 1) was used to identify the differentially expressed genes.

We performed DAVID enrichment analysis using GO biological processes (GO_BP_FAT) and KEGG pathways as the annotation datasets. Significantly enriched processes based on similar criterion to that of eSkIN (i.e. *p*-value \< 0.05), were considered for comparison.

Results {#Sec8}
=======

To gain mechanistic insight into the action of BM and PC, skin-centric transcriptomic data analysis was performed using eSkIN (Refer Methods). It is well-known that BM is more effective in curbing inflammatory effects of AD but also known to cause more adverse effects especially on skin barrier formation as compared to PC \[[@CR2]\]. Our analysis provides new insights in the form of detailed account of the pathways that explains the molecular perturbations after drug treatments. Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} provide a brief account of our key findings that adds value to the previously reported findings by Jensen et al., 2012 \[[@CR2]\]. The findings are further discussed elaborately in this section.Table 1Key findings from our analysis: Genes and pathways perturbed by BMGene/PathwayRole in skin pathwaysImpact derived from eSkINTNF pathwayTNF pathway via NF-κB regulates the transcription of inflammatory cytokines, adhesion molecules, MMP9 and SELE.TNF and its receptors are downregulated after treatment with BM, thus effecting anti-inflammatory effect.TLRsTLRs play important role in inflammation by activating NF-κB, which in turn, activates inflammatory cytokines.Downregulated after treatment with BM, thus bringing about anti-inflammatory effect.IL4 pathwayInvolved in T-cell and eosinophil chemotaxisDownregulated after treatment with BM, thus contributes towards anti-inflammatory effect.LOR, FLG, TGM5 and CDSNImportant skin barrier proteinsUpregulated after treatment with BM; contributes towards restoration of skin barrier functions.IVL, Keratins, LCEs, desmocollins and desmogleinsImportant skin barrier proteinsDownregulated after treatment with BM representing the damage to skin barrier; CD44, AKT1, PKC-δ, HRAS and MAP2K3 involved in pathway leading to transcriptional activation of barrier proteins are also downregulated in BM samples.S100 family proteinsImportant anti-microbial peptides that help in protecting the skin from infections.Downregulated after treatment with BM, thus leading to impaired barrier function.VEGFWound healing and cell migration, vascular permeability, angiogenesis, cell invasion and coagulationDownregulated after treatment with BM, thus affecting wound healing and other cellular processes through PLC-γ and MAPK cascade.H2AFX, RAD51, BRCA2, MCM3, DHFR, HMOX1, GINS1 and PCNAGenes involved in DNA repairDownregulated after treatment with BM, thus affecting DNA repair processes.Table 2Key findings from our analysis: Genes and pathways perturbed by PCGene/PathwayRole in skin pathwaysImpact derived from eSkINTGF-βPlays important role in inflammation via SMADs, and regulates IFNG, IL2, CCL4, CXCL2 and MMP2 that are involved in T-cell chemotaxis and B-cell maturationDownregulated after treatment with PC, thus contributes towards anti-inflammatory effect.IL13 receptor (IL13RA2)Important regulator of chemokines through JAK-STAT pathwayDownregulated after treatment with PC, thus contributes towards anti-inflammatory effect.LOR, FLG, TGM5 and CDSNImportant skin barrier proteinsUpregulated after treatment with PC, thus contributes towards restoration of barrier functions.

BM causes large-scale perturbations in inflammatory response as compared to PC {#Sec9}
------------------------------------------------------------------------------

As evident from Fig. [1a](#Fig1){ref-type="fig"}, the total number of differentially expressed genes (DEG) is higher in BM samples (approximately 1000--2000 genes) than that in PC samples (approximately 500--1000 genes), thus, indicating that BM has more profound effect on skin processes than PC. Similar trend is evident for Inflammation and Keratinocyte Differentiation pathways (see Fig. [1b-c](#Fig1){ref-type="fig"}).Fig. 1Differential gene expression in BM and PC samples. Differential gene expression with respect to (**a**) complete BM and PC datasets; (**b**) effect on Inflammation pathway; and (**c**) effect on Keratinocyte Differentiation pathway

Our pathway enrichment analysis shows that the pathways associated with inflammation (e.g. Inflammation, Immune Response and Chemokine Signaling) and skin barrier (e.g. Keratinocyte Differentiation, Wound Healing and Barrier Formation) are enriched (see Fig. [2](#Fig2){ref-type="fig"}), thus, corroborating the already reported findings. It is interesting to note that same set of pathways are enriched by both BM and PC, however, the detailed analysis clearly differentiates the mechanisms with which these drugs act on skin.Fig. 2Significantly enriched eSkIN pathways in BM and PC samples. The length of the bars denote the number of samples in which the pathways are enriched. Pathways with eSkIN p-value \< 0.05 are considered to be significantly enriched

Additionally, pathways such as Basal Layer Formation and cellular pathways like Cell Migration, Cell Adhesion, Proteasomal Degradation, Autophagy, DNA Damage and Repair, Lipid Synthesis and ROS (Reactive Oxygen Species) Generation were also enriched in certain BM and PC samples.

### BM mediates its anti-inflammatory effect via TNF, TLRs and IL4 pathways {#Sec10}

BM, a corticosteroid, is known to activate glucocorticoid receptors (NR3C1) on skin, which in turn, inhibit the activity or transcription of various triggers of inflammation like IL1-β, IL4, IL11, TNF-α, TGF-β, MMPs (MMP1, 2 and 9), IFN-γ and VEGF \[[@CR3]\]. Below, we present the inflammation-specific biomolecular interactions of these triggers in the context of transcriptomic data of BM treated samples, and relate them to key components of inflammatory response including the activation of T-cell, B-cell, eosinophils and monocytes.

Our analysis of Inflammation pathway shows that NR3C1 can inhibit TNF pathway, albeit with an unclear mechanism \[[@CR11]\]. Its involvement in anti-inflammatory response of BM is evident from the fact that TNF, its receptor TNFRSF1A and TRADD are downregulated (Additional file [5](#MOESM5){ref-type="media"}: Figure S2). TNF pathway is known to play a major role in activating NF-κB (NFKB1) \[[@CR11]\], and thus, its inhibition results in deactivation of NF-κB (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 3TNF mediated anti-inflammatory effect of BM. (**a**) Section of eSkIN Inflammation pathway showing NR3C1 mediated inhibition of TNF and the downstream repression of inflammatory markers via NF-κB; (**b**) Expression profiles showing various genes regulated by NF-κB. Important genes/proteins in the pathway are labelled for clarity

NF-κB is one of the important factors in the transcription of inflammatory cytokines, and its deactivation affects inflammation by downregulating the expression of following genes: (i) inflammatory markers: CXCL1, CXCL9, CXCL10, IL18, CCL2, CCL5, CCL13 and CD86; (ii) adhesion molecules: ICAM1 and VCAM1; (iii) matrix metalloproteinases responsible for degradation of collagen: MMP9; and (iv) factors causing accumulation of leukocytes at the site of inflammation: SELE \[[@CR12], [@CR13]\]. Although NF-κB is significantly down regulated only in 2 out of 10 samples, it is indeed down regulated in all the other samples albeit in lower magnitude (see Fig. [3b](#Fig3){ref-type="fig"} and Additional file [6](#MOESM6){ref-type="media"}: Figure S3). However, as reported by Chen et al., a small change in expression level of NF-κB can result in significant change in the expression of its target genes \[[@CR14]\], which is also observed in our study. Thus, this implicates NF-κB dependent anti-inflammatory effect as an important mechanism by which BM brings about its anti-inflammatory effect. Moreover, it is interesting to note that NF-κB also regulates the expression of TNF with the help of SMAD4 \[[@CR12]\], thereby adding further to its anti-inflammatory effect.

eSkIN also shows that TLRs (TLR1 and TLR2), which are known to promote atopic dermatitis \[[@CR15]\], are downregulated by BM. TLRs activate NF-κB through IRAK4, and thus downregulation of TLRs lead to suppression of inflammation by diminishing NF-κB dependent inflammation, as discussed above (Additional file [7](#MOESM7){ref-type="media"}: Figure S4) \[[@CR16]\]. Moreover, eSkIN depicts that NR3C1 can also directly inhibit the activity of NF-κB through activation of IκB (IKBKB) \[[@CR3]\]. However, IκB did not show significant change in its expression level in BM samples (Additional file [8](#MOESM8){ref-type="media"}: Figure S5), thus indicating that this is not a likely route taken by BM to bring about its anti-inflammatory effect.

eSkIN also depicts a route for NR3C1 mediated inhibition of IL4 pathway and IFN-γ (IFNG) pathway. Although, the transcriptomic data indicated downregulation of IL4 and its receptors in BM samples, IFN-γ pathway seems to be unaffected (Additional file [9](#MOESM9){ref-type="media"}: Figure S6a). Thus, implicating IL4 pathway as an effector of BM drug action. Our analysis indicate that IL4 pathway through JAK-STAT mechanism can regulate the transcription of CXCL6, CXCL16, CCL8, CCL24, CCL25 and CCL26 which play a major role in T-cell and eosinophil chemotaxis (Additional file [9](#MOESM9){ref-type="media"}: Figure S6b) \[[@CR17]\]. The chemokines and cytokines downstream of this pathway are down regulated in most of the BM treated samples (Additional file [10](#MOESM10){ref-type="media"}: Figure S7). This indicates that IL4 mediated suppression of inflammation may also be contributing to anti-inflammatory effect of BM.

### PC suppresses inflammation via IL13, IL6 and VEGF pathways {#Sec11}

PC is a calcineurin inhibitor and inhibits the activity of NFAT (NFATC1) \[[@CR4]\]. NFAT along with AP1 family of transcription factors is known to regulate the transcription of IL2, IL4, IL5, IL8, IL13, GM-CSF, TNF-α and IFN-γ, which are important inflammatory triggers \[[@CR18], [@CR19]\]. The transcriptomic data of PC samples show downregulation of IL13 receptor (IL13RA2), but, it also show downregulation of receptors of additional inflammatory triggers, namely IL6 and TGF-β. At the downstream, IL13 regulate the transcription of CCL8 and CCL26 via STAT6, and TGF-β regulate the transcription of CXCL2 via SMAD4. We observed all these downstream chemokines to be downregulated in PC samples (see Additional file [11](#MOESM11){ref-type="media"}: Figure S8). Moreover, the transcription of following chemokines and adhesion molecules: CXCL1, CXCL9, CXCL10, CCL2, SELE, ICAM1 and VCAM1, are also downregulated, but, their causal route could not be deciphered from this data.

Additional pathways responsible for anti-inflammatory effect of BM and PC {#Sec12}
-------------------------------------------------------------------------

It is known that JAK-STAT cascade helps in the transcription of genes responsible for leukocyte, eosinophil and T-cell migration \[[@CR20], [@CR21]\]. Our analysis shows that BM and PC affects this activity through certain common triggers (i.e. IL6, IL4, and IL27) as is evident from downregulation of their respective receptors (in particular, IL6R, IL4R and IL27RA). PC also shows few specific triggers like IL13 and IL12 (downregulation of IL13RA2 and IL12RB) (Additional file [12](#MOESM12){ref-type="media"}: Figure S9).Chemokine Signaling is known to affect processes like adhesion, migration, phagocytosis, immune response and anaphylaxis. Our analysis shows that most of the signaling cascades like RAS-RAF pathway, MAPK cascade and JAK-STAT pathway, triggered by various chemokines and growth factors like HBEGF and AREG \[[@CR22], [@CR23]\], show profound under expression in BM samples but mild under expression in PC samples (data not shown).

Restoration of skin barrier by BM and PC {#Sec13}
----------------------------------------

Keratinocyte differentiation is central to the formation of healthy skin barrier. BM is known to efficiently inhibit the primary cause of AD i.e. inflammation, but it also affects the skin barrier leading to secondary complications like skin atrophy and infection.

Our analysis corroborates the fact that BM and PC upregulate several key skin barrier formation genes such as Loricrin (LOR), Filaggrin (FLG), TGM5 and CDSN (Additional file [13](#MOESM13){ref-type="media"}: Figure S10a) as a measure to restore barrier functions \[[@CR2]\]. However, it is also observed that most of the other barrier formation proteins like involucrin (IVL), LCEs (LCE3D), TGM1, TGM3 and DSG3 are under expressed in BM samples while they are mostly unaffected by PC (Additional file [13](#MOESM13){ref-type="media"}: Figure S10b).

BM adversely affects the synthesis of barrier proteins through AP1 family and CEBPs {#Sec14}
-----------------------------------------------------------------------------------

We explored the possible causative pathway that could lead to the impairment of skin barrier by BM. It is known that calcium acts as a key trigger for epidermal differentiation through PLC-γ (PLCG1), which regulates the transcription of barrier proteins. Our analysis depicts another, calcium independent route, to activate PLC-γ through AKT1-PKN2 complex which is activated by CD44 \[[@CR24]\] (Fig. [4a](#Fig4){ref-type="fig"}). This pathway further activates several transcriptional regulators including AP1 family of transcription factors like JUN and FOS, CEBP-β (CEBPB), SP1 and HSPB1. These regulators play a major role in the transcription of barrier proteins like keratins, transglutaminases, loricrin, involucrin, filaggrin, LCEs, desmogleins, desmocollins, family of S100 proteins \[[@CR25]\]. The molecular details feature of eSkIN shows that the genes involved in this pathway like CD44, AKT1, PKC-δ, HRAS and MAP2K3 are mostly downregulated in BM samples, thus, implying the role of this pathway in BM triggered skin barrier impairment (see Fig. [4b](#Fig4){ref-type="fig"}).Fig. 4AP1 and CEBP mediated skin barrier impairment by BM. (**a**) eSkIN Keratinocyte Differentiation pathway depicting the effect of BM on synthesis of skin barrier proteins; (**b**) Expression profiles of key genes in this pathway. Important genes/proteins in the pathway are labelled for clarity

Other transcriptional regulators involved in the activation of skin barrier proteins like JUND and FOSL1, are also found to be downregulated. Furthermore, CEBP-α (CEBPA), an important transcription factor involved in the transcription of IVL and desmocollins \[[@CR26]\], is also under expressed in BM samples (Additional file [14](#MOESM14){ref-type="media"}: Figure S11). TGFA pathway mediates this transcriptional regulation of CEBP-α \[[@CR27]\]. The proliferation markers like MYC and ERK (MAPK1) present in this pathway are also under expressed in BM samples (data not shown).

Keratinocyte Differentiation pathway also indicates that the anti-microbial peptides S100A7, S100A8 and S100A9 are under expressed in BM samples (Additional file [15](#MOESM15){ref-type="media"}: Figure S12). While S100A7 transcription is mediated by JUN \[[@CR28]\], S100A8 and S100A9 transcription is mediated by STAT3 via IL4 pathway (Additional file [15](#MOESM15){ref-type="media"}: Figure S12) \[[@CR29]\]. This further explains the compromised skin barrier functions upon treatment with BM, leading to skin infection \[[@CR2]\].

On the contrary, PC has mild effect on barrier proteins and their regulation, and thus, helps in restoring skin barrier in AD patients.

In addition to the profile of skin barrier proteins observed in Keratinocyte Differentiation pathway, Barrier Formation genes like CTTN, CDC42, GRHL3 and AHR which are involved in the formation of tight junctions \[[@CR30]\] are under expressed in BM samples. PC samples does not show significant enrichment of this pathway in most of the samples (Additional file [16](#MOESM16){ref-type="media"}: Figure S13).

Additional pathways responsible for effect on skin barrier by BM and PC {#Sec15}
-----------------------------------------------------------------------

Wound Healing pathway of eSkIN shows that VEGF (VEGFA), an important trigger for cellular processes like cell migration, vascular permeability, angiogenesis, cell invasion and coagulation, is significantly more under expressed in BM than in PC (Additional file [17](#MOESM17){ref-type="media"}: Figure S14). VEGFA activates various pathways like PI3K (PIK3CA), PLC-γ and MAPK cascade, thus, impacting the normal physiological processes that are responsible for wound healing \[[@CR31]\]. Fibronectin (FN1), another protein involved in wound healing, is downregulated as well in BM samples \[[@CR32]\].Similarly, Basal Layer Formation pathway shows that proteins like integrins, LAMA5 and collagens like COL4A1 \[[@CR33]\] are under expressed in BM samples. On the contrary, most of these proteins show an upregulated trend in PC dataset (Additional file [18](#MOESM18){ref-type="media"}: Figure S15).

This further illustrates that BM affects the skin barrier formation by influencing the synthesis of barrier proteins, antimicrobial proteins and basal layer proteins. Such behavior is not observed in PC samples.

Cellular functions affected by BM and PC {#Sec16}
----------------------------------------

Lipid Synthesis pathway is of interest as lipids are an integral part of skin barrier. Application of BM is known to impair the fatty acids and lipid content of skin \[[@CR34]\]. Lipid Synthesis pathway shows that lipid transporters like LDLR and ABCA12 \[[@CR35], [@CR36]\] show downregulated trend (Additional file [19](#MOESM19){ref-type="media"}: Figure S16a), which might hinder the transportation of cholesterol and other lipids to skin. Enzymes like SPTLC2, SGMS2 and SMPD2 involved in the conversion of fatty acids to glucosylceramides \[[@CR36]\] are also downregulated (Additional file [19](#MOESM19){ref-type="media"}: Figure S16b). Moreover, genes involved in the synthesis of fatty acids or lipids like LXR (NR1H2), SCD, FASN and HMGCR \[[@CR37], [@CR38]\] are downregulated (Additional file [20](#MOESM20){ref-type="media"}: Figure S17a), while genes involved in the metabolism of lipids like LPL and APOC1 \[[@CR39]\] are showing an upregulated trend (Additional file [20](#MOESM20){ref-type="media"}: Figure S17b).

DNA Damage and Repair is differentially affected in BM and PC dataset. While most of the genes are unaffected by PC, genes involved in DNA repair like H2AFX, RAD51, BRCA2, MCM3, DHFR, HMOX1, GINS1 and PCNA \[[@CR40]--[@CR42]\] are under expressed in BM (Additional file [21](#MOESM21){ref-type="media"}: Figure S18). Similarly, CDK1, CDKN1A, CCNB1 and E2F family of proteins, involved in cell cycle progression \[[@CR43]\] show a downregulated trend in BM samples.

Though Autophagy and Proteasomal Degradation pathways are enriched in most of the BM and PC samples, we could not establish any relevance of this to the action of these drugs.

Comparison of eSkIN results with DAVID {#Sec17}
--------------------------------------

To evaluate the performance of eSkIN pathway enrichment analysis, we compared the results with the most widely used functional enrichment tool, DAVID (<https://david.ncifcrf.gov/>) \[[@CR5]\]. BM and PC samples were analyzed separately in DAVID. We obtained 409 differentially expressed genes in BM and 49 genes in PC datasets that were used as input for DAVID analysis (refer Methods for details).

### Comparison of pathway enrichment for BM dataset {#Sec18}

The enriched processes for BM dataset yielded 781 GO Biological Processes (GO BP) terms and 24 KEGG pathways (see Additional file [22](#MOESM22){ref-type="media"}). We observe that Immune response, Defense response, Inflammatory response, Keratinocyte differentiation, Skin development and Keratinization are enriched amongst the GO terms. Amongst KEGG pathways, Drug metabolism, Steroid hormone biosynthesis, Chemokine signaling pathway and NF-kappa B signaling pathways are enriched.

eSkIN uses a comprehensive manually curated skin centric knowledge-base for its analysis, and thus we observe a limited set of only relevant pathways (26 pathways) to be enriched. The pathways related to skin physiology, which are enriched in DAVID analysis are also obtained using eSkIN analysis (see Table [3](#Tab3){ref-type="table"}), thus, corroborating the capability of eSkIN to perform skin-centric pathway enrichment analysis.Table 3Comparison of pathways enriched in eSkIN and DAVID analysisS.No.Important pathways enriched in eSkINRelated processes/pathways enriched in BM samplesRelated processes/pathways enriched in PC samplesGO_BP_FATKEGGGO_BP_FATKEGG1.Keratinocyte differentiation, Cornification, Basal layer formationkeratinocyte differentiation, skin development, keratinization, skin epidermis development--epidermis development, skin development, keratinocyte differentiation, epidermal cell differentiation, keratinization--2.Inflammationinflammatory response, regulation of inflammatory response, T-cell activationTNF signaling pathway, NF-κB signaling pathway, Inflammatory bowel disease----3.Immune responseImmune response, defense response, Innate immune response--Immune response, defense response, Innate immune response--4.Chemokine signalingChemokine mediated signaling pathway and chemokine productionChemokine signaling pathway, Cytokine-cytokine receptor interaction----5.DNA Damage and RepairDNA integrity checkpoint------6.Cell Adhesion, Cell MigrationCell adhesion, leukocyte cell-cell adhesion, cell migration, regulation of cell migration, leukocyte migrationCell adhesion molecules (CAMs)Cell migration, leukocyte migration--

However, GO BP terms cannot be further explored in terms of the molecular interactions between these genes (or their protein products) to derive mechanistic insights into the action of the drugs. On the other hand, eSkIN allows further exploration of the enriched pathways in terms of the molecular interactions in them, and thus, helps in deriving mechanistic insights into drug action (see Table [1](#Tab1){ref-type="table"}). Though KEGG Pathways can be explored in similar context, the enriched KEGG pathways (Drug metabolism, Steroid hormone biosynthesis Chemokine signaling pathway and NF-kappa B signaling pathways) are not directly relevant to our analysis.

### Comparison of pathway enrichment for PC {#Sec19}

The enriched processes for PC dataset yielded 62 GO BP terms and 0 KEGG pathways (see Additional file [22](#MOESM22){ref-type="media"}). We observe that skin related processes like Epidermis development, Skin development, Keratinocyte differentiation, Immune response and Defense response are enriched amongst the GO terms. As is evident from Table [3](#Tab3){ref-type="table"}, the corresponding pathways are also enriched in eSkIN. Moreover, owing to the capability of eSkIN to highlight molecular interactions of the enriched pathways, insights into mechanistic action of PC were obtained (see Table [2](#Tab2){ref-type="table"}).

Discussion {#Sec20}
==========

In this study, we analyzed transcriptomic datasets of AD patients treated with Betamethasone and Pimecrolimus. We used a novel systems biology based approach to understand the detailed molecular level differences in the mechanism of action of the drugs. Though the pathway enrichment analysis broadly showed similar set of pathways being enriched by both BM and PC, a detailed molecular level study showed that these drugs opt different mechanisms to control the disorder. Fig. [5](#Fig5){ref-type="fig"} provides an overview of the routes taken by these drugs.Fig. 5Pathways perturbed by BM and PC and their role in the action of these drugs. Solid lines depict activation or stimulation while the dotted lines represent inhibition. Colors of the lines denote known mechanism (black) and unknown mechanism (red). Colors of the gene names denote downregulation (green) and upregulation (red). This clearly shows that BM has a larger impact on inflammation than PC. But it is also evident that, unlike PC, BM negatively affects the skin barrier functions

We highlighted the role of TLRs, TNF and IL4 to trigger the anti-inflammatory response and AKT1-PKN2 and TGFA via MAPK cascade to affect the skin barrier proteins in AD patients, when treated with BM. Stojadinovic et al. have shown the role of glucocorticoids in various cellular processes like inflammation, innate immunity, cell migration, tissue remodeling, cell differentiation and cell death in keratinocytes \[[@CR3]\]. Our analysis further adds value to the above mentioned finding by elaborating on the pathways that trigger various cellular responses, particularly in AD patients. We also depict the impact of BM on lipids and DNA damage and repair proteins thus leading to an impaired barrier function.

Under PC treatment, we show that TGF- and IL13 could be the plausible pathways involved in anti-inflammatory response. Through our comparative study of the two drugs, we show that the molecular signatures of barrier proteins under PC clearly contributes towards restoration of barrier.

Novel insight into disease manifestation during drug treatment {#Sec21}
--------------------------------------------------------------

The mechanistic analysis of transcriptomic data of BM and PC treated samples also allowed us to understand the manifestation of disease during the treatment by these drugs. This provides new avenue towards future direction of drug discovery efforts in this area.

In particular, EDN1 (Endothelin 1), which is positively correlated with AD clinical severity \[[@CR44], [@CR45]\], is observed to be mostly upregulated in BM while PC shows mild upregulation. This implies a risk of disease manifestation even after treatment by BM or PC. By leveraging the molecular interaction maps of eSkIN, we elucidate that in the downstream, EDN1 activates PLCB2 \[[@CR46]\], which in turn, triggers the MAPK cascade involved in cell migration and inflammation (see Fig. [6a](#Fig6){ref-type="fig"}). We believe that treatment by BM or PC, if supplemented with a drug targeting EDN1 or downstream proteins, can bring synergistic therapeutic effect in AD care.Fig. 6Factors implicated in manifestation of disease during drug treatment. (**a**) EDN1 mediated; (**b**) SOCS3 mediated. Important genes/proteins in the pathway are labelled for clarity

Furthermore, it is interesting to note that the suppressors of cytokine family (SOCS), SOCS1 and SOCS3 are downregulated even after the treatment with BM and PC. SOCS proteins are known to contribute towards disease manifestation in psoriatic skin \[[@CR47]\]. Our analysis shows that SOCS3 inhibits STAT3 activation via JAK1 \[[@CR48]\] (Fig. [6b](#Fig6){ref-type="fig"}). However, their role in AD manifestation is not very well studied. Based on our analysis using eSkIN, it appears that downregulation of SOCS could be contributing towards the manifestation of AD, and thus, it may be worthwhile to explore it as a drug target for future drug discovery efforts.

Conclusion {#Sec22}
==========

Our study suggested the causal biomolecular inter-relationships involved in the action of BM and PC on human skin, apart from highlighting the existing evidence on these drugs in the context of skin-associated functional networks. It is evident that BM downregulates molecules involved in inflammation, T-cell & eosinophil chemotaxis, adhesion, DNA repair and cell cycle, while PC targets a smaller section of inflammatory genes. Also, both BM and PC upregulate few important barrier proteins to restore the skin barrier functions. However, BM also downregulates many other barrier components which is largely unaffected by PC, thus, accounting for the impaired skin barrier due to the treatment with BM. It should be noted that the results reported in this study are based on 10 AD patients' data that were available in NCBI GEO database, and needs further validation in a larger cohort.
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